The immunoglobulin (IgM) heavy chain constant region gene of the channel catfish, Ictalurus punctatus, has been cloned and characterized. The gene contains four constant region domain-encoding exons (CH1 to CH4) expressed in the secreted form of the immunoglobulin, and two exons encoding the transmembrane (TM) domain utilized in the lymphocyte membrane receptor form of the Immunoglobulin. The sequence of a cDNA clone encoding the 3' region of the message for the membrane receptor form of the p. chain Indicates that the TM1 exon is spliced directly to the CH3 exon, and not into a site within the CH4 exon, as occurs in the mammals, a shark and an amphibian. This unusual pattern of splicing, which produces a membrane heavy chain that is characteristically smaller than the secreted heavy chain, may be common to all teleost fish.
INTRODUCTION
Investigations of the structure of the immunoglobulins (Igs) have revealed that in all vertebrate classes a molecule identifiable as IgM is present. In some of the vertebrates, e.g., mammals, Xenopus (an amphibian) and Heterodontus, (an elasmobranch) the structure of the /i-chain gene is established: in other vertebrates, e.g., chickens, our knowledge is partial or obtained by inference from cDNA sequences (1) (2) (3) (4) (5) (6) (7) . When the structure of the \i gene is known, it has always been found to consist of four exons (CHI to CH4) that encode the secreted form of the heavy chain (/is) found in the serum IgM. In addition to these exons, an additional two exons are also always found, coding for the transmembrane (TM) domain of the lymphocyte membrane receptor form of the IgM heavy chain, /im, which includes an approximately 26 residue stretch of hydrophobic or uncharged amino acid residues that is believed to span the lipid bilayer of the lymphocyte plasma membrane (2, 3, 5, 8, 9) . Alternate mRNA processing events determine whether or not the secretory or the membrane form of the gene is expressed (2, 8) . The secretory form of the message normally terminates at its own poly(A) site, but if the membrane form is to be expressed, the 3' region of the CH4 is spliced out along with the CH4-TM1 intron, resulting in the formation of a heavy chain with a hydrophobic 'tail' to its CH4. This /xm heavy chain is directed to the plasma membrane by the appropriate stop-transfer signals present in this different C-terminus (9) . The relative expression of /tin and /is message appears to be controlled by competition between splicing of the TM1 exon into the CH4 exon, and utilization of the /ts poly(A) site (8) .
In the teleost fish, which express both a lymphocyte-membrane and a secreted, serum IgM (10) (11) (12) (13) (14) the sequences of the complete US cDNAs from 2 species are known: Elops saurus, the ladyfish and Ictalurus punctatus, the channel catfish, (12) (13) (14) . It is also known that the organization of the V, D, J and C regions encoding the/ts is essentially similar to that of the mammals (12, 14) , rather than to that of the elasmobranchs (3) . We present here a detailed analysis of a constant region gene of a teleost fish IgH locus, and show that although it possesses the same exon structure as other known vertebrate /i constant region genes, its pattern of exon-splicing in the expression of /ts and /tm forms is different from that employed by the mammals, shark and the amphibian, Xenopus (2, 3, 5, 8 and Du Pasquier and Schwager, personal communication).
METHODS

cDNA library construction.
A channel catfish lymphocyte cDNA library was constructed in Xgtl 1, using polyA positive mRNA obtained by the guanidinium diiocyanate procedure and oligo dT chromatography from 8 day * To whom correspondence should be addressed in vitro cultures of lymphocytes (approximately 10 10 cells) subjected to secondary in vitro antigen stimulation with dinitrophenyl-conjugated bovine serum albumin, as described by Miller and Clem (16) . Oligo (dT) primers (12-18 mer) and MMLV reverse transcriptase were used for first strand synthesis, and the cDNA was Eco Rl linkered for ligation into the phage arms. The library contained approximately 5X1O 5 independent recombinant phage before amplification in E. coli Y1090.
Gcnomic library construction.
High molecular weight DNA was prepared from the erythrocytes of a single channel catfish by the method of Blin and Stafford (17) . Partially Sau IHA digested DNA was size-separated by centrifiigation on a sucrose density gradient (18) and fragments of approximately 20kb were packaged in lambda EMBL3. Approximately 6X10 5 independent recombinant phage were obtained before amplification of the library in E. coli LE 392.
Library screening.
Screening of the Xgtll library in E.coli Y1090 for expressed catfish immunoglobulin employed a rabbit antibody to purified catfish serum IgM, using as a second antibody a commercially obtained goat anti-rabbit IgG-alkaline phosphatase conjugate (Stratagene, LaJolla, CA). Libraries were also screened in E.coli LE 392 using random-primed 32 P-labelled DNA probes (19) . Filter lifts were processed and hybridized as described (20) and washed 3 times at intermediate stringency (0.2XSSC, 56°) before exposure for 12 -36 hours to X-ray film at -80°. 
DNA sequencing
The dideoxynucleoside triphosphate chain-termination method (21) was used to derive the nucleotide sequence (from both strands) of cDNA and genomic clones of interest. DNA was subcloned into commercially available vectors (M13Rf, pGEM 4, Promega, Madison, WI, and pBluescript, Stratagene, La Jolla, Ca.)-Both double-stranded (lambda phage, plasmid) and singlestranded (Ml3 phage) sequencing were performed using a) priming from vector sites flanking the inserted DNA, or b) sites internal to the sequence using synthesized oligonucleotides. 35 Sa-thio dATP and modified T7 DNA polymerase (Sequenase, United States Biochemical Corp., Cleveland, OH) were used for the sequencing reactions.
Analysis of leucocyte surface-labelled proteins
Isolated peripheral blood leucocytes from the channel catfish were surface radio-iodinated with I25 I as iodide using the lactoperoxidase method and solubilized in 0.5% NP40 containing 2.0M urea at pH 8.0 as described elsewhere (11) . Labelled Ig was then isolated from the lysate using monoclonal antibodies (directed to determinants on the heavy chain of the serum IgM), and analysed by sodium dodecylsulfate polyacrylamide gel electrophoresis (11, 22) .
RESULTS
Cloning of the Catfish IgH Constant Region Gene
The antigen-stimulated channel catfish lymphocyte cDNA library was screened with a rabbit antibody to catfish IgM and a number of positive clones were isolated. Two of these were sequenced and compared to the published sequence of the secreted catfish heavy chain (jis) cDNA (13, 14) . One of the clones (104) corresponded to 15 codons of CH2 plus 77 codons of CH3, and another clone (105) corresponded to the terminal 127 codons of CH4 and 172 bases of untranslated 3' sequence (the sequences of these clones are indicated in the legend to Fig 1) . These pieces of /*s cDNA were used to screen the channel catfish genomic library, and from the positive phage one clone was identified (12c) that proved to contain the entire coding region for the constant region of the catfish IgM heavy chain: the four exons encoding domains CH1 through CH4 of jts and the two exons encoding the transmembrane (TM) domain that is found in the /*m molecule. The sequence of this region is shown in Fig 1, and the physical map of the genomic insert in recombinant phage 12c is shown in Fig 2. The four exons encoding the fis, their splice sites and the polyadenylation signal, were identified by comparison with the published complete heavy chain cDNA sequence (13, 14) . One characteristic structural feature of p. constant region genes, the CH4 internal splice site for CH4 to TM1 joining (8), i.e. AGGT or its consensus, found about 20 codons from the 3' end of CH4, appears to be absent ( Fig. 1:  cf refs 8,13 ). The transmembrane exons were identified by the following means. The genomic sequence 3' of the /ts polyadenylation site was searched for open reading frames of approximately 40 amino acids showing the typical TM1 pattern of a cluster of acidic residues, followed by approximately 26 hydrophobic or uncharged residues followed by a basic residue. Such a region was identified between bases 5463 and 5876 (Fig  1) . This region falls within a small Sail to EcoRl fragment of 156 bp. This fragment was isolated and used as a probe to screen the original cDNA library. One strongly-hybridizing clone (18.1) was identified, isolated and sequenced. The sequence (Fig 3) is clearly that of the 3' end of the message for the /tm and allowed identification, within the genomic sequence, of the full TMI exon, the small TM2 exon which encodes the valine and lysine residues typical of the C-terminus of /im chains (15) and the polyadenylation signal for the /tin message.
Unusual Spiking
Creates the /im Message An unusual feature of the cDNA sequence of 18.1 is that it clearly indicated that the TM 1 exon was joined directly to the splice site 3' of the CH3 exon rather than into an internal splice site near the 3' end of the CH4 exon (Fig 3) . However, the /*m message of the channel catfish appeared to be quite rare (18.1 was the only TM-encoding clone that we were able to detect) and it was therefore decided to determine if the expressed \ivn polypeptide showed properties consistent with its production from a message spliced as suggested by the sequence of 18.1.
If the /im of the channel catfish was in fact encoded only by exons CH1-CH2-CH3-TM1-TM2, the polypeptide product would be expected to be 83 amino acids shorter than the us, a calculated difference in M r of approximately 9000. In order to determine if this difference could be observed in the /tm polypeptide, proteins of the peripheral blood leucocytes of the catfish were surface radio-iodinated with 125 I as iodide using lactoperoxidase, lysed, and the surface Ig isolated by using four individual monoclonal antibodies directed to catfish serum IgM. The isolated polypeptides were reduced and analyzed by sodium dodecylsulfate polyacrylamide gel electrophoresis (Fig 4A) . The four lanes in which material isolated using the monoclonal antibodies was electrophoresed,all showed prominent bands whose migration was consistent with their identification as Ig heavy and light chains. The putative /im heavy chains migrated significantly faster than the heavy chain of the control, serum IgM from the channel catfish. This is also shown in Fig 4B, where the heavy chain region of a gel in which the ps and /tm were run in adjacent lanes, is detailed. This apparent difference in Mr between the putative /im and the /*s was calculated to be 10,000 (± 1000) from the results of three separate experiments. The monoclonal antibodies to channel catfish IgM precipitated, in addition to bands identified as jtm and light chains, material of unknown nature of approximate Mr 180,000 (Fig 4A) . This material has been observed previously in association with catfish lymphocyte surface IgM: it was identified in both reduced and unreduced sodium dodecylsulfate polyacrylamide gels, and may be a polypeptide that associates non-covalently with membrane IgM in the lymphocyte membrane (11) . The IgM of channel catfish contains three species of light chain, separable by sodium dodecylsulfate polyacrylamide gel electrophoresis (22) . These Fig. 3 . The nucleotide and inferred amino acid sequence of catfish cDNA clone 18.1. The boundaries between the CH3, TM1 and TM2 exons are deduced from the complete genomic sequence (Fig 1) and are shown with their splice sites at the bottom of this figure. Numbering refers to the genomic sequence (see Fig. 1 have been reported to associate differentially with the heavy chains recognized by the monoclonal antibodies used in these experiments (22) a result that the data of Fig 4A would appear to confirm. The serum IgM standard (radiolabelled and precipitated by a monoclonal antibody) shows two contaminants, of Mr approximately 31,000 and 43,000, whose nature is unknown (Fig 4A) . In several of this series of experiments, the Ig isolated from lysates of surface-labelled leucocytes showed, in addition to the putative /im, a second band in the heavy chain region. This second band was identical in mobility to the /is. In all experiments with surface-labelled leucocyte lysates, the putative /tm was seen: the heavier /is was seen only in some experiments (about one third, data not shown), but always in combination with the putative /im chain and never alone. It seems likely that the slower heavy chain was authentic /is: either serum IgM absorbed to leucocyte plasma membranes by Fc receptors (reviewed in 23), or internal IgM, destined for secretion, that was labelled by the lactoperoxidase reaction in damaged or permeable cells.
DISCUSSION
The channel catfish IgM constant region gene conforms to the pattern of organization seen in all other vertebrate /t chain genes examined so far: there are four exons encoding the four protein domains of the secreted heavy chain, /is, as predicted by Ghaffari and Lobb (13, 14) , and in addition there are two exons that encode the transmembrane region of the membrane receptor form of the heavy chain (/tm).
The lengths of the introns separating these six exons seem to be quite variable in the vertebrates, and not to conform to any pattern obviously related to the phylogenetic position of the species. For example, in the mouse, the introns separating CHI, 2, 3 and 4 are all less than 500bp (1,2). In the shark, Heterodontus, there is a larger intron (about 1.4kb) between CH2 and CH3, (3) whereas in the channel catfish there is a long intron (approximately 1750 bp) between CHI and CH2. Xenopus also shows a relatively long CHI to CH2 intron, of approximately 1680 bp (5, and du Pasquier and Schwager, personal communication). In all species there seems to be a substantial distance between CH4 and the first of the TM exons (e.g., 2kb in the mouse, 3kb in the horned shark, 1.9kb in the channel catfish), and in Xenopus and the channel catfish (but not mouse and shark) there is a large intron separating TM1 from the small (2 codons) TM2 (1.1 kb in Xenopus, (ref 5) and 2.3 kb in the catfish). The physical map of the /x-encoding region of the channel catfish IgH constant region locus (Fig 2) is consistent with the southern blot restriction fragment mapping of the CHI to CH4 exons carried out by Ghaffari and Lobb (14) and this, taken with the sequence identity between the cDNA (14) and our genomic DNA, confirms that we have cloned the gene for the major expressed IgM heavy chain in this species. Ghaffari and Lobb (14) established that while the channel catfish possesses only a single haploid copy of this gene it has multiple copies of the V H genes, and Amemiya and Litman (12) have shown in a more formal manner that another teleost, the ladyfish (Elops saurus), has an IgH locus arranged analogously to that of the mammals. On the basis of these two reports, this is a conclusion that can probably now be generalized to all teleost fish.
The degree of similarity between the inferred amino acid sequences of the CH 1,2,3 and 4 domains of the channel catfish and those of other vertebrates has been examined previously (14) and identity values from around 21 %, to as high as 36% for CH4s were reported. In this regard it is interesting that a comparison of the channel catfish inferred amino acid sequences with those recently published (12) for the constant domains of the ladyfish fis reveal that while the identity values for CHI, 2 and 3 are 33%, 33% and 25% respectively, for the CH4s it is 42%. Thus, while there appears to be a higher conservation of structure in vertebrate its CH4 domains than in CHI -3, the reasons for this are not clear, although they may relate to the role of CH4 in polymerization of the IgM molecule. The presence of three cysteines in both the CH2 and CH3 domains of the ladyfish /is (12) suggests that these domains may be involved in inter-heavy chain disulfide bonding, a function that they probably do not have in the channel catfish, where the two cysteines in each of these two domains would both probably be involved in an intra-domain disulfide bond. The identity values for the transmembrane domains of diverse vertebrate \L chains are comparable to those for CH4s or even higher: for TM1 the channel catfish shows between 40% and 42% identity (amino acids) to the TM1 of mouse, horned shark and Xenopus (2,3,5 and Du Pasquier and Schwager, personal communication), and for the comparison of TM2s the figure is 100%. The TM2 sequence of Val-Lys is almost invariant in vertebrate /im chains (15) , and even the nucleotide sequence is highly conserved: the sequence of the channel catfish TM2 codons (Val, Lys, Stop) is identical to that of the mouse (but not of other species). The high identity values rapidly disappear in the TM1 to TM2 intron and the 3' untranslated region of the TM2, and the reason for the conservation of the TM exon (particularly TM2) nucleotide and amino acid sequences is unknown.
However, perhaps the most striking observation of this study is the alternate splicing that occurs in the catfish heavy chain constant region gene transcript, to produce mRNA for the secretory and transmembrane /i-chain forms, and which is quite different from that described for the mammals and the sharks (2, 3, 8) . In the typical vertebrate constant region gene, the /xm message is generated when the TM 1 and 2 exons are spliced into the CH4 exon. The results presented here suggest that in the catfish nm, the TM exons encode 47 residues which are substituted for the entire CH4 domain. The evidence for this is that 1) the typical consensus 5' splice site in the vertebrate CH4 (8) is absent in the channel catfish, 2) the cDNA sequence of a clone (18.1) spanning the 3' end of the ^m fits exactly a splice pattern of CH3 to TMI. The studies of Ghaffari and Lobb (14) have clearly indicated that there is present in the channel catfish haploid genome only a single copy of the CH3 and CH4 exons. We have confirmed this by Southern blot-hybridization experiments (data not shown) and can therefore conclude with some confidence that the sequence of cDNA clone 18.1 arises from an alternate mRNA processing event, rather than expression of a different gene. 3) Surface labelling studies indicate that channel catfish leucocytes express on their plasma membrane a putative /im heavy chain with a mobility on SDS polyacrylamide gel electrophoresis consistent with the predicted size of the polypeptide encoded under this suggested ^m message splice pattern. Although the possibility exists that the apparent size difference between the mm and rns polypeptides is due to differential glycosylation, the observed Mr difference of around 10000 would require the mm polypeptide to be almost entirely lacking in carbohydrate (which accounts for 12 -17% of vertebrate m chain mass). Since two thirds of the potential Nglycosylation sites reside in the CH2 and CH3 domains (14) , which would both be common elements of the mm and rns polypeptides, differential glycosylation does not appear to be a likely explanation of the observed size differences between fim and fis.
This available evidence would seem to lead to the conclusion that, in the channel catfish, /im is indeed produced by an mRNA splicing pattern that has not previously been observed in mammals, the horned shark, or the amphibian, Xenopus (2, 3, 5, 8) . The likely effect of this splice pattern on the covalent quaternary structure of the catfish Ig molecule can be noted. The catfish CH4 appears to encode all the cysteines involved not only in linking together the two /xs chains of each (jislSh subunit, but also the linking of these (/xsL)2 subunits to each other to form the complex variety of covalent IgM structures, up to (/isL) g , that are seen in catfish plasma (13) . It appears that the cysteine encoded near the beginning of the TMI exon (before the membrane-spanning region) could compensate for the loss of the CH4 cysteines, by providing the possibility of covalent linkage between the two heavy chains of the (jimL)2 structure that is typical of the membrane form of IgM. In support of this model is the fact that channel catfish B-cell surface IgM has been shown to have a mobility in sodium dodecylsulfate polyacrylamide gel electrophoresis consistent with a covalent (jiL) 2 structure (11). The alternate splicing of the TM exons into CH4 in the mammals (2) serves a similar function: the cysteines forming the covalent inter-(/isL)2 subunit disulfides are eliminated, while those responsible for the covalent heavy chain to heavy chain linkage in the (/tmL^ subunit remain.
The pattern of mRNA splicing by which the channel catfish generates the message for its /im heavy chain may be general to the teleost fish. The evidence for this is that 1) in the goldfish, Carassius auratus, the /tm form of the IgM heavy chain was clearly shown by double-label techniques to migrate faster (an apparent Mr difference of 10,000) in sodium dodecylsulfate polyacrylamide gel electrophoresis than did the /is form of the heavy chain (24) . In the trout (Onchorhynchus mykiss), analysis of lymphocyte surface-labelled IgM by similar methods also showed significant /i-chain associated radioactivity migrating faster than the /ts standard (25) . 2) In the ladyfish, Elops saurus, the CH4 exon lacks an identifiable internal donor splice site that could join to the TM1 acceptor splice site (12) , as does the CH4 exon in the channel catfish (13, 14 and Fig 1) .
The reasons for the deletion of the CH4 exon from the /im message in the catfish (and probably other teleost fish as well) are unknown. The functional significance of the loss of the CH4 domain from the /xm chains of the catfish B-lymphocyte membrane receptor is also unknown, but obviously does not result in severe compromise of its effectiveness as a receptor for antigen.
